Several experiments have shown recently that an in-plane current can influence or even directly control the magnetization dynamics in a ferromagnet/heavy metal bilayer, for heavy metals such as Pt or Ta [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Two different mechanisms have been proposed. For in-planepolarized magnetic films, spin currents arising from the spin Hall effect [13] [14] [15] [16] [17] [18] [19] [20] (SHE) within the heavy metal have been shown to apply spin-transfer torques to the magnet that can explain current-induced tuning of magnetic damping [1, [3] [4] [5] and spin wave attenuation [6, 7] , and the excitation of spin wave oscillations [2] , magnetic precession [3] , and switching [8] . In contrast, for perpendicularly-polarized magnetic layers, Rashba effects within the magnetic layer have been proposed as the dominant mechanism for current-induced magnetic tilting and reversal [9] [10] [11] [12] . Here we show that rotation and switching of perpendicularly-polarized Pt/Co driven by in-plane current can be explained quantitatively by spin torque from the SHE, with the same SHE strength found for in-plane-polarized samples [3, 21] , and with no measurable Rashba field.
We estimate that the SHE torque should be capable of manipulating perpendicularly-polarized magnetic memory devices using switching currents that are comparable to conventional spintransfer-torque magnetic tunnel junctions [22] , so that SHE-torque switching could be highly effective for technologies.
We will analyze magnetic rotation and switching driven by in-plane current for perpendicularly-polarized Pt(20)/Co(6)/AlO x multilayers (thicknesses in Å), similar to observations by Miron et al [11] . Figures 1(a) and (b) show switching for a device patterned into a Hall bar with dimensions 20 × 200 μm 2 ( Fig. 1(c) ), with a resistance ~ 2000 Ω. We measure the anomalous Hall resistance, R H , which is proportional to the average vertical component of the Co magnetization M z [23] . Measurements as a function of vertical magnetic field near zero current establish the existence of perpendicular magnetic anisotropy ( Fig. 1(d) ). In Fig. 1(a) we apply a small constant in-plane magnetic field (along the current direction ŷ shown in Fig. 1(e (Fig. 1(a) ). If the small constant in-plane magnetic field is reversed, the current-driven transitions invert, with positive current now favoring 0 z M > , despite the fact that the in-plane field still does not favor either magnetic state in the absence of current ( Fig. 1(b) ).
The current-generated Oersted magnetic field cannot explain this result, as it is oriented in plane.
We will show that the full switching phase diagram as a function of current and magnetic field can be explained quantitatively by SHE torque from the Pt layer, and that previously proposed Rashba effects within the Co [9, 11] do not make any measurable contribution to the magnetic orientation in our samples.
Phase diagram of a macrospin model. To explain how a SHE torque can rotate and switch the magnetic orientation m of a perpendicularly-magnetized layer, we first solve a simple zero-temperature macrospin model. We consider a Co/Pt bilayer in the xy plane with a Co layer of thickness t and constant magnetization M S , on top of a Pt layer of thickness d (Fig. 1(e) ). 
with θ and the applied field angle β defined as in Fig determines which out-of-plane magnetic orientation will be favored by a given sign of SHE torque ( Fig. 2(b) ).
For very large spin torques, τ ST 
In our experiments we have not yet been able to apply large enough steady-state currents to achieve this state. However, the SHE-induced rotation of m out of the yz plane predicted in this regime has the correct symmetry to explain observations of stochastic domain reversal in response to large pulsed currents [9] , as a possible alternative [25] to the mechanism of large inplane ( ±x ) Rashba fields proposed by Miron et al.
The full switching phase diagram for m(τ ST 0 , B y , B z ) in the macrospin model can be calculated as described in the supplementary material [25] ; we illustrate particular sections through the phase diagram in Figs. 3(a,b) .
Measurements of SHE torque and the Rashba field.
Before analyzing the experimental switching data, we consider measurements in which the Co magnetic moment rotates coherently.
By analyzing the direction and magnitude of current-induced rotation we can distinguish the SHE torque from an in-plane Rashba field [9] , and measure the SHE torque.
We first apply B ext in the yz plane with a small angle β = 4° relative to the y axis ( Fig.   2(c) ). In this case the field-induced torque is parallel to x so it adds to or subtracts from the SHE torque, depending on the sign of I. The nonzero angle β suppresses domain formation so that the magnetization rotates coherently, and the macrospin model applies. We compare field sweeps for the same magnitude of current, positive and negative (I = ±12 mA in Fig. 2(c) 
The angle β is known for our apparatus with an accuracy of 1 ±° [25] and sinθ can be determined accurately from R H . Therefore, by taking the difference of the two experimental ext B versus R H curves (for ± I) ( Fig. 2(d) ) and performing a one-parameter fit, we can determine Figure 2 (f) shows representative data for I = ± 10 mA, a current density 1.9 × 10 7 A/cm 2 . We observe no measurable shift between the two curves for any value of I , from which we conclude that any Rashba field in our sample has a magnitude that is less than our sensitivity, Qualitatively, these SPDs have shapes and symmetries very similar to the stability boundaries in the macrospin model (Figures 3(a,b) ), supporting our assertion that the switching can be Because our measurements of both magnetization rotation and switching are explained quantitatively by the same value of J S / J e , and this number is in agreement with previous experiments, we argue that the SHE torque mechanism fully explains the current-induced switching, with no evidence for the out-of-plane ( ±ẑ ) Rashba effect proposed in ref. [11] (see additional discussion in [25] ). Theoretical calculations indicate that any Rashba field in the ±ẑ direction should be accompanied by an even larger Rashba field along ±x [27] [28] [29] [30] , so the lack of a measurable ±x Rashba field in our rotation experiments gives additional reason to question the existence of a large ±ẑ Rashba field. We have also measured current-induced switching in Pt(30)/Co(5)/Ni(10)/Ta(10) (Fig. S4 in [25] ), Pt(30)/Co(5)/Ni(10)/Au(10) and Pt(30)/CoFeB(10)/MgO(16) samples (thicknesses in Å). This shows that the switching does not depend on the presence of an oxide capping layer, and occurs for ferromagnet thicknesses up to strongly that it is the Pt film which drives switching, rather than a Rashba field within the ferromagnet.
Ramifications. The SHE torque is attractive for applications because in principle it can be more efficient than conventional spin torque from spin-polarized currents produced by spin filtering. In a conventional spin torque device the efficiency of the torque cannot exceed one unit of / 2 transferred per electron in the current. However, for SHE torque in the geometry of Fig. 1(e) , where the charge current flows through a small in-plane area a and the spin current acts through a much larger perpendicular area A, the ratio of the total spin current to the total charge current is I S / I e = J S A / (J e a) = (A / a)θ SH . This can be greater than one even when
meaning that for every electron charge passing through the device many / 2 units of angular momentum can flow perpendicular to the film to apply a spin torque to the magnetic layer.
Understanding that the SHE torque explains current-induced switching of perpendicularly-polarized magnetic layers enables quantitative estimates for how to optimize the effect. For a sufficiently small sample, the macrospin model should apply. We assume a magnetic layer of length L, width w, and thickness t for which the perpendicular anisotropy field is optimized to provide an energy barrier of 40 k B T (where k B is Boltzmann's constant and T = 300 K), corresponding to a retention time of 10 years [32] . The small, fixed, symmetry-breaking in-plane magnetic field needed to set the direction of the spin-Hall switching can be applied easily by the dipole field from a nearby magnetic layer. A simple analysis yields a critical current for SHE switching [25] ( ) 
= 0.07 [3] , λ sf = 1.4 nm [21] and assuming for simplicity σ F = σ Pt , we conclude that I c should be ~ 170 μA even in the absence of any assistance from heating-induced thermal activation. The critical currents would be reduced even further with heating, or by using materials [8] that generate stronger SHE torques. Switching currents for the SHE torque therefore have the potential to be competitive with the optimum switching currents for magnetic tunnel junctions (MTJs) controlled by conventional spin transfer torque [32] [33] [34] . Compared to conventional MTJs, spin-Hall switched devices have an advantage that charge currents do not need to flow through tunnel barriers that are sensitive to electrical breakdown.
The SHE torque may also have an important influence on current-driven magnetic domain wall motion in nanowires made from layered heavy metal/ferromagnet structures, where, e.g., the non-adiabatic torque has been measured to be anomalously strong [35] [36] [37] . 
